The change in demoulding strength of colloidal silica-bonded castables with and without magnesia is investigated with emphasis on the relationship between the demoulding strength and chemical bond changes. It was confirmed that the demoulding strength was raised with the presence of magnesia in colloidal silica-bonded castables because of the increased chemical bonding between the sol particles. The X-ray photoelectron spectroscopy (XPS) and the 
Introduction
Colloidal silica-bonded castables have advantages over low cement or hydratable alumina-bonded castables in terms of drying performance, sintering properties, low [1] [2] [3] [4] [5] [6] [7] . However, the colloidal silica-bonded castables have not been as widely used as calcium aluminate cement (CAC)-bonded castables because the green mechanical strength of colloidal silica-bonded castables is very low compared to the hydraulic bonded-ones [4] . The strength of the former castables develops sluggishly during curing because the slow condensation reaction of Si-OH between SiO 2 particles (Si-OH + HO-Si = Si-O-Si + H 2 O) lead to very low green strength of the green strength of the castables [2, 4, 8, 10] .
In recent years, increasing researches have been done to enhance the green strength of colloidal silica-bonded castables. For example, it was reported that the demoulding strength of colloidal silica-bonded high alumina castables was increased with the reducing curing humidity [2, 9] . In particular, various additives have been introduced into colloidal silica-bonded castables to promote the demoulding strength [5, 6, 8, 10, 11] . CAC and magnesium oxide (MgO) are commonly used as gelling agents to improve the demoulding strength of colloidal silica-bonded castables [5, 6] . However, the presence of CaO from CAC can be deleterious to the high-temperature properties of the alumina-based castables with colloidal silica, because CaO can result in the formation of low-melting temperature phases, such as gehlenite (2CaO·Al 2 O 3 ·SiO 2 , melting point (mp) = 1590 ∘ C) or anorthite (CaO·Al 2 O 3 ·2SiO 2 , mp = 1550 ∘ C) [12, 13] . It has been proposed that MgO addition is favourable to raise the green strength of colloidal silicabonded castables because Si-O-Mg bonds will form from the released Mg 2+ ions and the broken Si-O bonds on the surface of silica particles during the placement and curing processes [7, 14] . However, the cause of the increased demoulding strength through the viewpoint of the new bond formation (-Si-O-Mg-O-Si-) has not been substantiated. This work examines the effect of magnesia on demoulding strength of colloidal silica-bonded castables and on the chemical bond formation of silica particles using XPS and FTIR, with the aim of establishing the relationship between demoulding strength and the change in chemical bonds between SiO 2 particles of colloidal silica caused by the presence of magnesia. 
Experimental
The colloidal silica-bonded castables were composed of different-sized aggregates of tabular corundum (Almatis), reactive alumina (CL370, Almatis) and colloidal silica (SiO 2 ≥ 30 wt.%, pH = 8.9, Yuda chemical Co.) (Table 1) . Sodium tripolyphosphate was used as dispersant for the castable. In order to investigate the effect of magnesia on the demoulding strength of colloidal silica-bonded castables, different amounts (0, 0.1, 0.3 and 0.5 wt.%) of fused magnesia (MgO ≥ 97.19 wt.%, ≤ 0.074 mm) were added as gelling agent. The castables were firstly dry-mixed for 1 minute, and then followed by 2 minutes wet mixing with colloidal silica in a laboratory mixer. After that, the mixtures were cast in 40 mm × 40 mm × 160 mm molds under vibration. After curing in the molds for 24 hours at 30 ∘ C, the samples were de-molded, and the cold crushing strength (CCS) and cold modulus of rupture (CMOR) of the castable samples were tested. In order to study the influence of magnesia on the chemical bond changes between colloidal silica, the samples of colloidal silica with and without magnesia were prepared. Both colloidal silica and magnesia were separately kept at 30 ∘ C for 24 hours in advance, and then colloidal silica and the mixture of colloidal silica with of 0.5 wt.% magnesia were agitated with a magnetic stirrer for 2 minutes. After curing at 30 ∘ C for 24 hours, the as-prepared samples were rapidly frozen at −50 ∘ C for 1. Figure 1 shows the demoulding strength of colloidal silicabonded castables with and without magnesia after curing at 30 ∘ C for 24 hours. As shown in Figure 1 , both CMOR and CCS of the colloidal silica-bonded castables are improved by the increase of magnesia addition. For example, the CMOR of the castable with 0.5 wt.% magnesia (CS5, 1.7 MPa) is significantly higher in comparison with that of the castable without magnesia (CS0, 0.8 MPa). Similarly, the CCS of the castable with magnesia (CS5, 10.2 MPa) is considerably higher than that of the castable without magnesia (CS0, 6.1 MPa). The above results demonstrate that the addition of magnesia favors the demoulding strength of the colloidal silica-bonded castables. O outer electron density [15] [16] [17] . And then the outer electron density of Si would increase [15, 16] because of the covalence of Si-O bond, resulting in the decrease of Si 2p BE in Si-O-Mg bonds. These results are consistent with the result shown in Figure 4 (c). As new chemical bond of Si-O-Mg forms through the condensation reaction between colloidal silica (with Si-OH on its surface) and magnesia after curing at 30 ∘ C for 24 hours, the demoulding strength of colloidal silica-bonded refractory castables increases with the addition of magnesia (shown in Figure 1 )
Results and Discussion
The change in chemical bond of colloidal silica with and without magnesia was further investigated by FTIR. The FTIR spectra of colloidal silica with and without magnesia after curing at 30 ∘ C for 24 hours are shown in Figure 5. It can be seen in the figure that the most intense peak at about 1115 cm −1 is assigned to the asymmetric Si-O-Si stretching vibration [18] ; peaks at 1219 and 1068 cm −1 are attributed to the Si-O stretching vibration [18, 19] , a peak at 799 cm −1 results from the symmetric Si-O stretching vibration, and peaks at 557 and 475 cm −1 are corresponding to the internal deformation of Si-O [18, [20] [21] [22] , while the Si-O stretch of Si-OH groups at the silica surface can be seen at 970 cm −1 [23] . As the the magnesia addition increased from 0.1 wt.% to 0.5 wt.%, the spontaneous condensation of silanol groups has been enhanced through the incorporation of magnesia, because the intensity of the peak at 970 cm −1 (assigned to Si-OH) gradually decreases and eventually disappears in the FTIR spectrum of colloidal silica with 0.5 wt.% magnesia (CS5). Similar trend can also be found in terms of peaks at 799 and 557 cm −1 , which become weaker and even vanish as the magnesia addition increased from 0 to 0.5 wt.%, revealing that Si-O bonds have been partially broken by the introduction of magnesia [23] . Furthermore, the red-shift of characteristic Si-O vibration from 475 cm −1 to 467 cm −1 suggests interaction between the MgO and silica [20, 24] . Because the binding force of Mg-O is weaker than that of Si-O and the Mg-O bond is longer than the Si-O bond [25, 26] , the partial replacement of Si (CS5) magnesia, can be observed in Figure 5 (a). This phenomenon confirms that more amounts of Si-O-Mg bonds appear with the increase of magnesia addition. As described above, the enhanced condensation of colloidal silica with magnesia and the formation of Si-O-Mg bonds would provide higher demoulding strength of colloidal silica-bonded castables with magnesia after curing at 30 ∘ C for 24 hours.
Conclusions
The addition of magnesia enhanced the demoulding strength of colloidal silica-bonded castables with magnesia after curing at 30 ∘ C for 24 hours, due to the formation of Si-O-Mg bonds caused by the condensation reaction of colloidal silica with magnesia during the curing process. 
